Small-Angle X-ray Scatterin is well suited to the study of porous silicon microstructure since the pore radii range (2-10 -5 corresponds to the small-angle scattering range (1-100 nm).
INTRODUCTION
Porous silicon (PS) layers are generally formed by an electrochemical dissolution of monocrystalline silicon in concentrated hydrofluoric acid solutions. High porosity can be obtained, leading then to a silicon microstructure which consists of a network of extremely small pores (1). For porosity greater than 80%, a photoluminescence phenomenum appears in the visible range which can be attributed to quantum size effects (2) .
As the size of the pores in PS layers lies in the range where small-angle X-ray scattering (SAXS) may be used, this technique is well adapted to the study of PS rnicrostructure. Synchrotron facilities can be used to get information in the anplar range very close to the angular origin and also, using a two-dimensional detector, to study amsotropic scattering.
The microstructure dependence of the PS with the doping level in p-type silicon has already been studied by SAXS (3, 4) . In lightly doped p-type silicon (P), the scattering pattern is isotropic while in heavily doped p-type silicon (P+), the PS structure consists of many long voids (rod-like) running perpendicular to the silicon surface, with small "buds" on their sides. Furthermore, a microstructural study of high-porosity PS layers formed on lightly P-doped wafers has been performed by SAXS (5) . When the porosity is increased from 55% to 85%, there is a continuous modification in the shape of the scattering profiles. These are characteristic of an isotropic threedimensional structure.
In our previous studies, the PS layers samples consisted of a porous layer less than 10 pm thick on the surface of a silicon wafer. In order to minimize the X-ray absorption in the transmission mode, and thus to get a good signal to background ratio, the wafers were chemically thinned down from 300 pm to a uniform thickness of 100 pm prior to porous silicon formation. Recently, a new PS preparation method allowed to detach PS layers as thick as 40 pm, having a high porosity (till 74%) from the silicon substrate.
Here, we present SAXS measurements on these new samples. For the reasons mentioned above, the experiments have been performed at the French synchrotron facilities, Laboratoire pour l'utilisat~on du Rayonnement Electromagnetique (LURE), Orsay, France. The influence of the tilt of the sample surface with respect to the direction of the direct beam, on the small angle scattering has been studied using a one-dimensional detector for quantitative analysis, and a imaging plate system (2D pattern) for qualitative analysis.
EXPERIMENTAL

Sample preparation
The p-type Si substrates used were (100) oriented, boron doped with a resistivity of 1 0 cm. PS layers were formed by electrochemical anodisation in a hydrofluoric (HF) acid solution at constant current density. The film thickness and porosity were always determined on separate samples by gravimetric measurements. After PS formation, the PS layers were detached from the substrate by electropolishing. Details concerning sample preparation can be found in ref. (6) . Three samples having a porosity of 57, 66 and 74% and a thickness of about 41, 44.5 and 41 pm, respectively, have been prepared.
SAXS experiment
We use the synchrotron facility available at LURE, where the X-ray source provide a very intense monochromatic beam at the D22 station. The experimental set-up has been described elsewhere (7) . Experiments were realized with a pinhole collimated beam (cross section < 1 mm2).
Data were collected with a linear detector for quantitative analysis, and an imaging plate, now available at LURE, for qualitative interpretation. Imaging Plate (IP) is a new type of X-ray area detector. This system is based on photostimulable phosphor which can temporarily store an X-ray image (8) . The excellent performance of the IP as an integrating X-ray area detector is well suited to X-ray scattering experiments using synchrotron radiation. The scattered intensities are recorded as a function of the scatt~ring vector q = 4 x sin8 / A, 28 being the scattering angle and A, the Xray wavelength (1.5418 A). We chose a sample-detector distance D=800 rnm in order to get information in the low q range values; the rmnimum q value is = 0.01 A-1. The anisotropic character was observed by rotation (a) of the sample surface aroun 5 an axis perpendicular to the X-ray beam as illustrated in fig.1 . The curves were corrected for sample absorption and incidentbeam intensity in order to obtain intensities on an absolute scale (7). 
SAXS analysis
The scattering volume c nsists of only two types of phases: silicon c~stallites with a constant electronic density p, = 0.7 e 1-3 and empty pores with p = 0. The scattering curves resulting from such a contrast contain information on the pores in the fs layer.
Two q ranges have to be considered to extract structural parameters: (i) in the small q range (related to particle volume), the Guinier approximation (9) allows the radius of gyration Rg to be calculated, (ii) at the largest q values (related to the particle surface), the generalized Porod law (10) can be used, I(q) a q-P. When the surface is smooth and the boundaries between the two regions sharp, p = 4. With the one-dimensional detector along the e, axis, the influence of the tilting angle IX on the SAS curves obtained for the P sample having a porosity of 74% is shown in Fig. 2 . The intensity decreases and a maximum in intensity appears as the tilt angle increases. This behaviour is also observed for the two other samples. Nevertheless, the maximum in intensity is more visible when the porosity is higher. this maximum is probably linked with the interference between ores. The correlation length between pores, deduced from the maximum position q, = 0.054 54-1, is equal to A = 2x1 = 115A.
In the sma ' 9 q range, an estimation of the pore size is obtained using the Guinier's approximation. The radius of gyration increases from 17 to 22 as the porosity ioncreases from 57 to 74%. For all the samples, the Rg value slightly decreases (from 22 to 19 A for the sample having a porosity of 74%) as the tilting angle increases from 0 to 45". The most im ortant fact to be seen in this Fig. 2 is that the scattering profile in the Porod region (q > 0.01 f l ) is not modified when tilting the sample with respect to the X-ray beam and the slope p is equal to -3.50. This asymptotic behaviour may be due to the roughness of the interface pore matter (11). The scattering law is then expressed as q-@+IX) with 0 < a < 1, a being equal to 0.5 most of the time.
The experimental integrated intensity QO7 determined using eq.1 is similar, for all the samples, to the theoretical one calculated with eq.2. This value slightly decreases (about 6%) as the tilt angle increases. Nevertheless, one ma assume that the main contribution to the Q,' value provides from the large q range (q > 0.01 A[). Thus, the anisotropic behaviour observed at small q (q < 0.01 A-1) concerns a few large pores which contribution to the total porosity is weak.
The 2D scattering pattern obtained for the sample having a porosity of 74% with a tilt angle equal to 4S0, is shown in fig. 3 . This pattern is different from the one obtained in the case of heavily doped P-type silicon (P+). In P+ samples, the structure consisted of many long voids (rodlike) running perpendicular to the silicon surface, with small buds on their sides.
Here, two types of contribution to the SAS curves, depending to the q range considered, have to be distinguished:
(i) at small q (< 0.01 A-I), the contribution of large pores perpendicularly oriented to the sample surface, is predominant
(ii) at large (> 0.01 A-I), the scattering i due to small desoriented pores (Rg = 22 A) arranged in a spatially isotropic manner (A = 115 ). The tilting procedure, in this case, allows us to separate both contributions in the SAS curves. Figure 3 . Contour map of the anisotropic scattering intensity of the p-type sample having a porosity of 74%. The tilting angle is equal to 4.5' and the disturbance in the middle is due to the beam stop.
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